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(54) Piezoelectric thin f ilm, method for producing the 
thin f ilm 

(57) A piezoelectric thin film which has good proper- 
ties tor example, a high dielectric constant and a high 
piezoelectric strain constant is disclosed. A method for 
producing a piezoelectric f ilm, which causes no crack 
during annealing, is also disclosed. The piezoelectric 
thin film has a thickness in the range of from 0.5 to 20 
urn. comprises crystal grains having an average grain 
diameter of 0.005 to 0.2 jtm, and is free from any multi- 
layer structure in its cross section. The process for pro- 
ducing a piezoelectric thin film comprises that steps of: 
coating a substrate with a sol composition comprising a 
sol of a metal component for constituting a piezoelec- 
tric film and a polymer compound and then drying the 
coating to form a film; pre-sintering the film to form a 
porous thin f ilm of gel comprising an amorphous metal 
oxide; pre-annealing the porous thin film of gel to bring 
the film to a film formed of a crystalline metal oxide; 
repeating the above steps at least once to form a lami- 
nated film formed of a crystalline metal ox.de; and 
annealing the laminated film to grow crystal grains of 
perovskite type in the film into a larger size. 
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Description 

BACKGROUND OF THE INVENTION 
5 Field of the Invention 

The present invention relates to a piezoelectric thin film usable as an actuator in ink jet recording apparatuses and 
the like. 

10 Background Art 

Piezoelectric and ferroelectric thin films represented by lead zirconate titanate ("PZT) thin films can be prepared 
by sputtering, sol-gel processing, CVD, laser ablation or other processes. 

In particular, according to the sol-gel process, the composition of the PZT film can be easily control. Further, the 
15 sol-gel process has an additional advantage that a thin film can be successfully formed by repeating the step of coating 
a sol composition and the step of presirrtering the coating. In addition, patterning by photoetching can be carried out 
during the preparation of a piezoelectric devise by the sol-gel process so that the PZT film is easily formed into a pie- 
zoelectric device. An ink jet recording head using a piezoelectric thin film prepared by the sol-gel process has also been 
proposed (Japanese Patent Laid-Open No. 504740/1993). A film thickness of about 0.5 to 20 um is in general neces- 
20 sary for a piezoelectric device for an ink jet recording head. Further, in the piezoelectric device for the ink jet recording 
head, the piezoelectric strain constant is high. The growth of crystal grains by annealing at a temperature of 700°C or 
above may be necessary to preferably provide such a high piezoelectric strain constant. 

However, an attempt to prepare a piezoelectric thin film having a certain film thickness, for example, a film thickness 
of not less than 1 jim, by the sol-gel process has often cracks in the film during annealing step for the formation of a 
25 perovskrte structure. 

Further, a method in which comprises the steps of coating a sol composition, heating the coating at a high temper- 
ature to cause crystallization, and repeating the steps to increase the film thickness has been proposed (e.g.. Philips J. 
Res. 47 (1993) 263-285). So far as the present inventors know, however, the piezoelectric thin film prepared by this 
method has an interface created by the lamination, i.e., a multilayer structure. The presence of the interface adversely 
so affects piezoelectric properties and often makes it impossible to realize good patterning by etching in the preparation of 
a piezoelectric device with the thin film. 

Therefore, a need still exists for a piezoelectric thin film having good properties and a method for producing the 
same has been desired in the art. 

35 SUMMARY OF THE INVENTION 

Accordingly, an object of the present invention is to provide a piezoelectric thin film having good properties, for 
example, a high dielectric constant and a high piezoelectric strain constant, and a method for producing the same. 

Another object of the present invention is to provide a piezoelectric thin film, which does not suffer from cracks at 
40 the time of annealing and has no interface created by the lamination, and a method for producing the same. 

The present inventors have now found a piezoelectric thin film having good properties, and. further, a piezoelectric 
composition, which is very advantageous for a piezoelectric material in a thin film form, and a production process suit- 
able for the production of such a piezoelectric thin film. 

The piezoelectric thin film according to the present invention has a thickness in the range of from 0.5 to 20 urn, com- 
45 prises crystal grains having an average grain diameter of 0.005 to 0.2 fim and is free from any multilayer structure in its 
cross section. 

According to the present invention, there provides a piezoelectric thin film having a specific composition. The pie- 
zoelectirc thin film of an aspect of the present invention comprises a piezoelectric material of a three-component system 
represented by the formula xPb (Mg^Nb^Os-yPbZrOs-zPbTiOa, wherein x, y, and z represent molar ratios provided 
so that x + y + z = 1 , and x, y, and z indicate a point falling within the area defined by lines connecting the following four 
points A, B, C, and D in a composition diagram of the three-component system as shown in Fig. 1 : 



A (x=0.05. y=0.40, z=0.55). 



55 



B (x=0.05. Y=0.60. z=0.35). 



C (x=0.25, y=0.30, z=0.45), 



and 
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D (x=0.25, y=0.50, z=025). 
According to the present invention, there provides a piezoelectric thin film having a 

A (x=0.05, y=0.40, z=0.55), 
'° B (x=0.05, y=0.60, z=0.35), 

C (x=0.25, y=0.30, z=0.45). 

15 and 

D (x=0.25, y=0.50, z=0.25); 

sol-gel process and comprises the steps of: 
aicoaWasur^ratewimasolc^ 

» The method for producing a piezoelectric thin f,lm according to e second aspect of the present Invention is based 
on a sol-gel process and comprises the steps of: 

a) coating a substrate with a sol composWon comprising a sol, of a metal component for confuting a piezoelectric 
film and a polymer compound and then drying the coating to form a film; 

^ ^Cs^ 

„ % if£2pd) » ^crystal o, perovskrte type in thetiim into a H>. 

pp IC F nFRr.RIPTION Q FTHP DRAWINGS 

Fig 1 is e three-component composition diagram shcing e prelened composition of the piezoelectnc thin flm 
" ^?££E££«o«* the method fcr producing a piezoelectric min «m according to a M 
F^Ig^nTr^ 

invention. 

HPTAI1 FH DESC RIPTION OF THF INVENTION 
55 Piezoelectric thin film 

The piezoelectric thin film according to the present invention has a thickness in the range ^^^Srte 
~o^^^^ 
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diameter of 0.005 to 0.2 urn and is free from any multilayer structure in its cross section According to a preferred 
mSSmt 5 the presenTTnvention, the thickness of the thin film is 0.7 urn to 10 urn and the average d»»*eMto 
SS" of nm to 0.1 nm. Further, in the present invention, the crystal structure is preferably composed mariy 
oS *E£tZ M Such a piezoelectric thin film has good properties. Specifically, it has a specrf .c dielectric con- 
^^SSSaLl 1 .000 to 3.500. more preferably about 1.200 to 2.800. and a piezoelectric strain constant of 
preferably about 70 pC/N or more, more preferably about 1 00 pC/N or more. 

The above described piezoelectric thin film may be combined with the specific compositions of the presert hnven- 
tion. The piezoelectric thin film combined with the specific composition of the present invention has an excellent char- 

^According to a preferred embodiment of the present invention, there provides a Piezoelectric thin comprismg a pie- 
zoelecS materia, of a three-component system represented by the abvoe formula xP f °r 
zPbTO, wherein x y, and z represent molar ratios provided that x + y + z = 1 . and x. y. and z indicate a posrton fall ng 
She tea defined by line? connecting the following four points A. B. C. and D in a composition d.agram of the 

which may have such a composition that, in the above formula, up to about 20% by mole preferably 5 to 15% by mote 
o7?b hat been replaced wTan element se.ected from Sr. Ca. Ba. Bi, and I*. In partcular. the 
comprises a piezoelectric material of a three-component system represented by the formula Pfc>(1 
JZ( Ma^Nb™)xZr y Tiz]0 3 . wherein x. y. and z represent molar ratios provided that x + y + z = 1 . and x. y. and z 
, mSSISm^J^ area defined by .ines connecting the following four points A. B, C. and D ,n a compos,- 
tion diagram of the three-component system represented by said formula: 



A (x=0.05. y=0.40, z=0.55). 
B (x=0.05, y=0.60, z=0.35), 
C (x=0.25. y=0.30. z=0.45), 



D (x=0.25, y=0.50, z=0.25); 

r represents an element selected from Sr. Ca, Ba, Bi. and La; and a represents any number satisfying the relationship 
o < a <= 0 2 The composition can provide a piezoelectric thin film having further improved properties. 

Furthermore adding to a farther preferred embodiment of the present invention, the thin film may have such a 
modified composition that 

Mg in the formula has been replaced either partially or entirely by an element selected from Co. Zn. Mn, and Ni 
and/or 

Nb in the formula has been replaced partially by Ta or Sb and/or mirmM — t „, 

Zr or Ti has been replaced partially by an element selected from Sb, Fe. Al. and Cr. The above modrf.ca .onof the 
fomp^on enables'the picric strain constant, the specific permittivity, and the Young's mod*. Uo be eas- 
Sy regulated to respective proper values. In particular, the regulation of the specrf ic permrttivrty is preferred from the 
viewpoint of regulating the amount of heat generated in the piezoelectric th.n film. 

Accordina to another aspect of the present invention, the thin film may further comprise Pb or Pb compound such 
as j£^£Z£<£« Pb to (Mg+Nb+Zr+Ti) is 1 to 1.2. preferab.y 1 to 1.15. The thin film having the excessive 
Pb content has an excellent in the piezoelectric strain constant. 

When a voltage V depending upon the time ( V = V (t) wherein t represents the time) is applied to a piezoelectnc 
thin-Z device having a capacity C, that is. a capacitor, the current i, which flows through the « 
device is l-C (dV/dt). Since the amount of heat, Q. generated in the piezoelectric th.rvf.lm device at that tme .s pro- 
phonal to i x |. It is important to lower the capacity C. in other words, the specific permittivity of the p.ezoe.ectnc thin 

f Um On the other hand, the distortion rate of the piezoelectric thin film upon the application of a voltage b pnpor^ 
, to the applied voltage. Even when a lowering in piezoelectric strain properties is compensated for by 

a^p7edvoltageV,therelationshipi = C (dV/dt) shows that the harmful influence of the heat generate can be reduced 
by keeping the time gradient constant. . . . 

The regulation of the Young's modulus is advantageous for the following reason. Specif ically in an ink je recording 
head whichUects ink droplets by taking advantage of a pressure generated in an inkpassage. the rigidrty in a sect.on 
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• which generates a pressure or in pressure transmission section, in other words, the elastic compliance (1/Y) of the con- 
stituent members, is an important characteristic factors for ink projection. The elastic compliance of the constituent 
members influences the speed and weight of projected ink droplets, the attenuation, of ink vibration within a passage, 
' which has an influence on the response frequency, interference between adjacent ink passages and the like. 
5 An ink jet recording head using the piezoelectric thin-film device according to the present invention can easily sup- 
press the Young's modulus of the piezoelectric thin film provided on a vibrating sheet defining an ink passage, can 
enhance the compliance of the ink passage, and ensure ink projection properties, particularly can prevent the interfer- 
ence between the adjacent ink passages. 

The composition of the piezoelectric thin film according to the present invention may be regulated by regulating the 
10 ratio of metals in a sol composition used in the production method which will be described later. 

Method for producing piezoelectric thin film Sputtering 

Sputtering may be mentioned as one preferred technique for the preparation of a thin film. Specif ically, a PZT sinter 
is comprising specific components is used as a target for sputtering to form an amorphous film as a precursor of a piezo- 
electric film on an electrode film by sputtering. 

The amorphous precursor is crystallized by heating and sintered. Preferably, the heating is carried out in an oxygen 
atmosphere (for example, in oxygen or in a gas mixture of oxygen with an inorganic gas, such as argon). In the step of 
heating, the precursor fQm is heated at a temperature of preferably 500 to 700 °C in an oxygen atmosphere so as to be 
20 crystallized and brought to a crystal grain diameter in the range of from 0.005 to 0.2 nm. 

The piezoelectric thin film according to the present invention can be preferably produced by the following two mod- 
ified sol-gel processes. 

Production method bv sol-oel process according to first aspect of the invention Step a) 

25 

The method for producing a piezoelectric film according to the present invention is based on the sol-gel process. 
Specifically, the production method fundamentally comprises dehydrating a hydrated complex of a hydroxide of metal 
components capable of forming a piezoelectric film, that is. a sol, to give a gel and heating and sintering the gel to pre- 
pare an inorganic oxide, that is, a piezoelectric f flm. 

30 In the present invention, the sol of metal components for constituting the piezoelectric film can be prepared by 
hydrolyzing an alkoxide or acetate of metals, capable of forming a piezoelectric film, with, for example, an acid. In the 
present invention, the above composition of the piezoelectric thin film can be provided by regulating the sol composition 
in terms of metals. Specifically, an alkoxide or acetate of each of titanium, zirconium, lead and other metal components 
is used as a starting material. The production method according to the present invention has an advantage that the ratio 

35 of metal components, for constituting the piezoelectric thin film, in the sol composition is substantially maintained until 
the piezoelectric thin film is finally provided. That is, a variation in the ratio of metal components attributable to the evap- 
oration of metal components, especially lead component, during firing and annealing hardly occurs. Therefore, the ratio 
of metal components in the starting material is identical to the ratio of metals in the final piezoelectric thin film. In other 
words, the composition of the sol is determined according to the composition of the piezoelectric film to be produced. 

40 According to a preferred embodiment of the present invention, in order to prepare the piezoelectric thin film which 
has the excessive Pb content, in the sol, the amount of the lead component is preferably up to 20% by mole, more pref- 
erably 1 5% by more to excess. 

In the present invention, the sol composition preferably contains an organic polymer compound. The organic poly- 
mer compound absorbs the residual stress of the thin film at the time of drying and firing, enabling the creation of a 

45 crack in the thin film to be effectively prevented. More specifically, the use of a sol containing the organic polymer results 
in creation of pores in the gelled thin film described below. The pores are considered to absorb the residual stress of 
the thin film in the step of pre-annealing and annealing described below. Preferred organic polymer compounds used 
herein include polyvinyl acetate, hydroxypropyl cellulose, polyethylene glycol, polyethylene glycol monomethyl ether, 
polypropylene glycol, polyvinyl alcohol, polyacrylic acid, polyamide, polyamic acid, acetyl cellulose and derivatives 

so thereof, and copolymers of these compounds. According to a preferred embodiment of the present invention, the addi- 
tion of polyvinyl acetate enables the formation of a porous thin film of gel, with a large number of pores having a size of 
about 0.05 urn, and the addition of hydroxypropyl cellulose enables the formation of a porous thin film of gel, having a 
size of not more than 1 p.m and a broad size distribution. 

According to a preferred embodiment of the present invention, the polymer compound is preferably a polyethylene 

55 glycol having an average molecular weight of about 285 to 420 or a polypropylene glycol having an average molecular 
weight of about 300 to 800. 

In the production method according to the present invention, a substrate on which a piezoelectric thin film is to be 
formed is first coated with the sol composition. The term "substrate" used herein is intended to mean a substrate which 
finally constitutes a part of a finally formed piezoelectric thin-film device. Therefore, for example, when the preparation 
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of an ink jet recording head utilizing the piezoelectric thin film according to the present invention, which will be described 
later, is contemplated, a crystalline silicon having thereon a thin-film electrode is used as the substrate. 
. The coating method is not particularly limited and may be any conventional method commonly used in the art, for 
example, spin coating, dip coating, roll coating, and bar coating. Further, flexographic printing, screen printing, offset 
5 printing and other printing methods may also be used for the coating. 

According to a preferred embodiment of the present invention, when the following steps are taken into considera- 
tion, the thickness of the coating formed by the above method is regulated so that the thickness of the porous thin film 
of gel formed in the step b) described below is preferably not less than 0.01 urn, more preferably about 0.1 to 1 jim. 

The resultant coating is then dried. The drying may be carried out by air drying or by heating at a temperature of 
10 200°C or below. 

According to a preferred embodiment of the present invention, an additional film may be coated on a dried film to 
increase the film thickness. In this embodiment, the underlying film is preferably dried at a temperature of 80°C or 
above. 

75 Step b^ 

In this step, the film, of the sol composition, formed in the step a) is gelled. Specifically, the film formed in the step 
a) is calcined to prepare a porous thin film of gel comprising an amorphous metal oxide and substantially free of any 
residual organic matter. This step is often referred herein to as the "step of calcination." 

so The calcination temperature and time may be such that the film of the sol composition is satisfactorily gelled and 
the organic matter can be satisfactorily removed from the film. According to a preferred embodiment of the present 
invention, the calcination temperature is preferably in the range of from 300 to 450°C. more preferably in the range of 
from 350 to 400°C. The calcination time may vary depending upon the type of the oven used. For example, when a 
degreasing oven is used, the calcination time is preferably about 10 to 120 min, more preferably about 15 to 60 min. On 

25 the other hand, when a hot plate is used, the calcination time is preferably about 1 to 60 min. more preferably about 5 
to 30 min. 

As shown in Fig. 2 (1), the steps a) and b) result in the formation of a porous thin fBm 13, of gel, on an electrode 12 
provided on a substrate 1 1 . 

30 Step c) 

In this step, the porous thin film, of gel, formed in the step b) is heated and fired, thereby converting the thin film to 
a film formed of a crystalline metal oxide. This step is often referred herein to as the "step of pre-annealing." 

The firing may be carried out by heating the porous thin film of gel at a temperature high enough to convert the thin 

35 film of gel to a film formed of a crystalline metal oxide. In this case, the porous thin film of gel need not be fired to such 
an extent that the perovskite crystal occupies the major part of the crystals. The firing may be terminated at the time 
when the thin film of gel has been uniformly crystallized. According to a preferred embodiment of the present invention, 
the firing temperature is preferably in the range of from 400 to 800°C, more preferably in the range of from 550 to 750°C. 
The firing time may vary depending upon the firing temperature and the type of the oven used. For example, when an 

40 annealing oven is used, the firing time is preferably about 0.1 to 5 hr, more preferably about 0.5 to 2 hr. On the other 
hand, when an RTA (rapid thermal annealing) oven is used, the firing time is preferably about 0.1 to 10 min, more pref- 
erably about 1 to 5 min. 

Further, according to a preferred embodiment of the present invention, the pre-annealing may be carried out in two 
stages. Preferably, the first stage is carried out at a temperature in the range of from 400 to 600°C, and the second 
45 stage is carried out at a temperature in the range of from 600 to 800°C. According to a more preferred embodiment of 
the present invention, the first stage is carried out at a temperature in the range of from 450 to 550°C. and the second 
stage is carried out at a temperature in the range of from 600 to 750°C. 

As shown in Fig. 2 (2), in the step c), the porous thin film 13 of gel is converted to a film 14 formed of a crystalline 
metal oxide. 

50 

Stepd) 

In the present invention, the steps a), b), and c) are repeated at least once to laminate a film(s) formed of a crys- 
talline metal oxide. The film thickness, calcination temperature, and pre-annealing conditions for the repeated steps a), 
55 b), and c) may be as described above in connection with the formation of the first film on the substrate. 

The thickness of the laminated film formed in this step may be suitably determined by taking the film thickness of 
the final piezoelectric thin film into consideration. However, it is needless to say that the thickness of the laminated film 
is preferably such that no cracking occurs in the following step e). 
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to f ilm in this stage. 



Step e) 



in this step, the laminated film, formed of a crystaHine metal oxide, thus obtained is further fired to grow perovskite 
stages, fa^case.preterabiv.theh,*,^ 

^o»^^^^ 

zoeSicVwn-filrr, device 15. having no multilayer structure, farmed by the above procedure 
a,^. ^ m^hvt hv rj[2£SS£ according la *"0""" aspect of the invention 

35 Ri«n» al and b) 

The steos a) and b) in the production method according to the second aspect of the invention are the same as 
ao in Fig. 3 (1). 

- =3fa^ 

Step Sj 

invention. It is often referred herein to as the "step of pre-anneahng. temperature hiqh enough to 

oo„v:r=r^ 
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fired to such an extent that the perovskite crystal occupies the major part of the crystals. The firing may be terminated 

substantially the same as those in the step c) in the production method according to thef.rst aspect of the present .riven 

« ?^h the step c) in the production method according to the first aspect of the present ,nvent.on. ^ 
of pre-annealing may be carried out in two stages. . . lina 

As shown in Fig. 3 (3), this step results in the conversion of a laminate of porous th.n f.lms 1 3 of gel to a crystalhne, 



in the production method according to the second aspect of the present .nvenfon. the steps f) and I c ) are repeated 
at least once Specrtically, a series of proceduresconsisting of the step 0. i.e.. the step of repeating the steps a) and b) 
a S once to STlaminate of porous thin films of ge. and the step O of firing the laminated of porous th.n f.lms of 
gel to ^ t» Jntf. to a filmformed of a crystalHne metal oxide are repeated at least once. Thus, a lam-nated 
film formed of a crystalline metal oxide is formed. ,4^„,.;k~h 

ZZL condrHons for the repetition of the steps a) and b) and the step c} may be the same as those descnbed 



The thickness of the laminated film formed in this step may be suitably determined by taking the 
the flnri piezoelectric thin film into cons.derat.on. However, it is needless to say that the th.ckness of the lam.nated f.lm 
on i<; nreferablv such that no cracking occirs in the following step e"): 

P Tn thestep 6% as shown in Rg. 3 (4). an additiona. lam-nate 1 3 of porous thinf ilms of ge. is formed on the previous^ 
wm^TrnTi and as shown in Fig 3 (5) subsequent P re-anneal.ng causes the additional laminate of porous th.n f.lm 

substantially united film is as defined above. . . ■ xi, athin 

25 Preferably, patterning and the formation of an upper electrode in the piezoelectnc th.n f .lm are carried out m the thin 
film in this stage. Fig. 3 (6) shows a film 14 patterned into a desired form. 



in this step, the laminated film, formed of a crystalline metal oxide, thus obtained is further f*ed to grow Perovs|dte 
crystaVsThis step is similarto the step e) in the production method according to the first aspect of the present .nvent.cn. 
It is often referred herein to as the "step of annealing." rtinn method 

The firing temperature and time may be substantially the same as those .n the , step e) m th > P^*'°" ™?? 
according to the first aspect of the present invention. Further, as with the step e) .n the production method according to 
the first aspect of the present invention, the step of annealing may be carried out .n two stages. 

Fig 3 (7) shows an embodiment of a piezoelectric thin-film device, wherem an electrode 12 .s prov.ded on the p.e- 
zoelectric thin film 15, having no multilayer structure, formed by the above procedure. 

Application nf piezoelectr ic thin f ilm/ink jet recording head 

The piezoelectric thin film according to the present invention may be used in various applications by taking advan- 

ta9 %t 9 ex^t^nte^ as a vibrator tor an ink jet recording head. The «-*^P'«^^*^ 
accorLg TtSe present invention is advantageous in that an ink can be projected at a high pressure and the ,nk ,et 

r6 ^er;^ 

is shown in Fig. 4. This recording head comprises a single-crystal Si substrate 21 prov.ded wrth an ,nk resent r 27 and 
loined to a second substrate 2B. A diaphragm 22, a lower electrode 23, a piezoelectric film 24, and an upper electrode 

, ^aV^™^ 

piezoelectric film 24 through the lower electrode 23 and the upper electrode 25. The apphcaton of the , voHag insults 
to deformation of the ink reservoir 27. pressurizing the ink. The pressure projects the inkthrough a nozzle (not shown), 
enabling ink jet recording. 

The ink jet recording head can be prepared by any conventional method. 
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V EXAMPLES 
, Fxample A1 



^ Lead acetate (0,05 mo,, 0.045 «J of WJ*^ 

heated to 100-C and dissolved in 3 ° H ml ^^ in Sm. of ethyl ce.loso.ve was 

0.040molof trtaniumtetra.sopropo^deatidao^lO 3 0% by weight, based on the metal oxide .n 

added thereto. Acetyl acetone (30 ml) was added to nurtured by Kanto Chemical Co., Inc.) 

thin film of gel could be tormed wrthout cractang. ^reafter a sm or p q g ^ )aminate 

coating the sol and the step of pre-s.ntenng HSSSSic in an oxygen atmosphere in an RTA 

of porous thinfi.ms of gel. The^ 

oven and held at that temperature for one mm, thereby carrying um y 

was tormed. . rtiffraetometrv As a result, a diffraction pattern characteristic of 

The thin film thus cbtatned was exammed by X-ray d ^*^2rtton FWR (Fourier transform infrared absorption 
a pyrochlore crystal was observed. Further, l^^^^f^^^^ro^ group was observed. 

one min. thereby forming a 1.2 "J^J^ etched with f luoroboric acid. 

The substrate with the thin f rim formed thereon was patterned usmg a P e ^ ^ ^ . f ^ 

The resist was peeled off, and anneahng piezoelectric thin film of which 

formed thereon in an oxygen atmosphere m a " ^oven 900 « DW one film was examined by X- 

the thickness was 1 .2 um. that is. """^J^^ crystal were observed. Further, the 

ray drtfractometry. As a result, sharp and strong peaks a ^^°^ sedtion o1 the thin film was observed under 

SS *as termed ot crysta, grains » * 2ve. by vapor deposrton M»»ed hy 

An aluminum electrode ta^ or. «he JSf^SeStaS*- piezoelectric thin-film device »ere meas- 

• -rrrrmi£^^^ 

film was slightly smaller than that in the starting^majrals prepared above was prepared. Fig. 3 

An ink jet recording head, asshc^nm^ 
is a conceptua. typical Sicon h.^iSe was formed on a silicon wafer by sputtering, and 

45 preparation of an ink jet record.ng head. A xfcaphragm of si com n «r pie20 electric thin f ilm was pho- 

a tower electrode and a piezoelectric fen frtrr, i were f^^^J^^a width of 0.3 mm was formed 
toetched to create patterns of 0.2 mm .n w.dth and 4 mm ntonjju ana a g a piez oelectric thin film, and 

within the silicon wafer by anisotropic etching. An upper ^^SSk passage 27. A head unit was cut 
the piezoelectric thin film was then joined to second ^^*«^^^^ 1 ^ 1h .inkJ«tnK^ 

SaraTs Slowing by printing. As a result, the quality of prints was good. 
rvanrnlPs A? to A5 »nH Cnmparntiup Fvamplfts A1 and A2 

naaium and the molar ratio ot rood urn molecular weight 285 to 3, 5. manu- 
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trade, and the coatings were calcined at 400°C to form 0.3 jim-thick amorphous porous thin films of gel. A series of 
procedures consisting of the step of further coating the sol and the step of pre-sintering the coating at 400°C were 
repeated twice to form 0.9 nm-thick porous thin films of gel. The thin films were then rapidly heated to 650°C under an 
oxygen atmosphere in an RTA oven and pre-annealed at that temperature for one min. Thus, 0.6 ym-thick, crystalline, 

5 dense, thin films were prepared. The above procedure was repeated ten times (i.e., total number of coatings of sol: 30). 
The thin films were annealed by holding them at 850°C for one min under an oxygen atmosphere in an RTA oven. Thus, 
6 jim-thick piezoelectric thin films were prepared. An aluminum electrode was formed on the piezoelectric thin films by 
vapor deposition followed by polarization to prepare piezoelectric thin-film devices. The average crystal grain diameter 
and the piezoelectric strain constant of the piezoelectric thin-film devices were as tabulated in the following table. For 

w all the samples, no crack was observed, and no interface attributable to the lamination was observed in the cross sec- 
tion. 



Table 1 



15 




Molar 
ratio of Zr 


Molar 
ratio of Ti 


Average crystal 
grain diameter (|im) 


Piezoelectric strain 
constant (pC/N) 




Ex. A2 


0.35 


0.45 


0.2 


70 




Ex. A3 


0.40 


0.40 


0.05 


120 


20 


Ex. A4 


0.45 


0.35 


0.03 


150 




Ex. A5 


0.50 


0.30 


0.05 


90 




Comp.Ex.A1 


0.30 


0.50 


0.3 


30 


25 


Comp.Ex.A2 


0.55 


0.25 


0.1 


40 



30 Examples A6 to A9 and Comparative Examples A3 and A4 

Coating liquids (six kinds) were prepared in the same manner as in Example A1 , except that the molar ratio of mag- 
nesium and the molar ratio of niobium were fixed respectively to 0.033 and 0.067 with the molar ratios of zirconium and 
titanium varied as specified in Table 2. A series of procedures consisting of the step of coating the sols on a substrate 

35 electrode and pre-sintering the coatings at 400°C were repeated three times to form 0.9 n,m-thick amorphous porous 
thin films of gel. The thin films were then pre-annealed at 550°C for 10 min under an oxygen atmosphere in a diffusion 
oven. Thus, 0.6 um-thick, crystalline, dense, thin films were prepared. The above procedure was repeated 15 times 
(i.e., total number of coatings of sol: 45). The thin films were annealed by holding them at 950°C for one min under an 
oxygen atmosphere in an RTA oven. Thus, 9 jim-thick piezoelectric thin films were prepared. An aluminum electrode 

40 was formed on the piezoelectric thin films by vapor deposition followed by polarization to prepare piezoelectric thin-film 
devices. The average crystal grain diameter and the piezoelectric strain constant of the piezoelectric thin-film devices 
were as tabulated in the following table. For all the samples, no crack was observed, and no interface attributable to the 
lamination was observed in the cross section. 

45 
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Table 2 



5 




Molar 
ratio of Zr 


Molar 
ratio of Ti 


Average crystal 
grain diameter (jim) 


Piezoelectric strain 
constant (pC/N) 




Ex. A6 


0.40 


0.50 


0.2 


100 




Ex. A7 


0:45 


0.45 


0.1 


120 




Ex. A8 


0.50 


0.40 


0.08 


170 


10 


Ex. A9 


0.55 


0.35 


0.1 


100 




Comp.Ex.A3 


0.35 


0.55 


0.4 


50 




Comp.Ex.A4 


0.60 


0.30 


| 0.3 


30 



75 



Pvam ples A m *» A14 and Qnmnarative Examples A5 and A6 

Coating liquids (seven kinds) were prepared in the same manner as in Example A1 . except ttat 
zirconium to ttanium was fixed to 1 : 1 wrth the ratio of the total of magna «um and ^^ate e^Scf an E£ 
3 The molar ratio of magnesium to niobium was fixed to 1 : 2. The sols were coated on a substrate el J™"™ 
cin«d at 350»C to form amorphous porous thin films of gel. The thin films were then pre-annealed at 550 C for one nr 

"TTXSttSZ'SZZZ - - — was ~ in »e 

cross section. 



35 




Molar ratio 
of Mg+Nb 


Molar ratio 
of Zr.Ti 


Average crystal 
grain diameter (urn) 


Piezoelectric strain 
constant (pC/N) 




Ex. A10 


0.08 


0.46 


0.1 


70 




Ex. A11 


0.12 


0.44 


0.03 


120 


40 


Ex. A12 


0.16 


0.42 


0.01 


120 




Ex. A13 


0,20 


0.40 


0.05 


90 




Ex. A14 


0.24 


0.38 


0.5 


70 


45 


Comp.Ex.A5 
Comp.Ex.A6 


0.04 
0.28 


0.48 

0;36 


0.3 
1.5 


40 | 
30 



Example A15 
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diameter of 0.05 fim. It exhibited excellent properties, that is, a specific permittivity of 1800 and a piezoelectric strain 
constant of 140 pC/N. 

-: An ink jet recording head using this piezoelectric thin-film device was assembled in the same manner as in Exam- 
pie A1 , and an ink was projected through the ink jet recording head. As a result, satisfactory projecting force could be 
5 obtained. Further, the ink jet recording head was incorporated into an ink jet recording apparatus following by printing. 
As a result, the quality of prints was good. 

Comparative Example A7 

io A piezoelectric thin-film device was prepared in the same manner as in Example A1 , except that the annealing in 
an RTA oven was carried out at 750°C. The average diameter of crystal grains of the piezoelectric thin-film device was 
less than 0.005 jun and cannot be determined. The specific permittivity was as small as 800, and the piezoelectric 
strain constant was 40 pC/N. 

is Comparative Example A8 

A piezoelectric thin-film device was prepared in the same manner as in Example A1 , except that the annealing in 
an RTA oven was carried out at 1 100°C. The lead content of the piezoelectric thin-film device was about 20% lower than 
that of the piezoelectric thin-film device prepared in Example A1 . The average diameter of crystal grains was as large 
20 as 0.5 nm. Further, the piezoelectric thin-film device had a specific permittivity of 800 and a piezoelectric strain constant 
of20pC/N. 

Comparative Example A9 

25 The same coating liquid as used in Example A1 was coated on the same substrate as used in Example A1 . The 
coated substrate was calcined at 400°C to form an amorphous porous thin film of gel. The thin film was annealed by 
holding it at 900°C for one min under an oxygen atmosphere in an RTA oven to prepare a 0.2 fim-thick piezoelectric thin 
film. The above annealing step was repeated 6 times to prepare a 1 .2 jim-thick piezoelectric thin film. No crack was cre- 
ated in the thin film. A piezoelectric thin-film device was prepared in the same manner as in Example A1 , except that 

30 the thin film prepared above was used. The piezoelectric thin film comprised crystal grains having an average diameter 
of 0.05 um and had a specific permittivity of 1200 and a piezoelectric strain constant of 60 pC/N. Further, the observa- 
tion of the cross section of the thin film under SEM has revealed the presence of an interface, attributable to the lami- 
nation, at intervals of 0.2 (im. Further, it was difficult to photoetch this thin film. 

The lead concentration of the thin film was lower than that of the thin film prepared in Example A1 . Further, a lead 

35 concentration distribution was created in the direction of the thickness, and the composition of the thin film was different 
from that of the sol. 

Example B1 

40 Lead acetate (0.105 mol), 0.045 mol of zirconium acetylacetonate, and 0.005 mol of magnesium acetate were 
heated to 100°C and dissolved in 30 ml of acetic acid. The solution was cooled to room temperature, and a solution of 
0.040 mol of titanium tetraisopropoxide and 0.010 mol of pentaethoxyniobium dissolved in 50 ml of ethyl cellosolve was 
added thereto. Acetyl acetone (30 ml) was added to stabilize the system, 30% by weight, based on the metal oxide in 
the sol, of polypropylene glycol (average molecular weight 400, manufactured by Kanto Chemical Co., Inc.) was added 

45 thereto, and the mixture was thoroughly stirred to prepare a homogeneous sol. 

A platinum electrode was formed on a silicon substrate by sputtering, the sol prepared above was spin-coated on 
the platinum electrode, and the resultant coating was calcined at 400°C. As a result, a 0.3 nm-thick amorphous porous 
thin film of gel could be formed without cracking. Thereafter, a series of procedures consisting of the step of further 
coating the sol and the step of pre-sintering the coating at 400°C were repeated twice to form a 0.9 (im-thick laminate 

so of porous thin films of gel. The laminate was heated to 650"C over a period of 5 sec in an oxygen atmosphere in an RTA 
oven and held at that temperature for one min, thereby carrying out pre-annealing. Thus, a 0.6 fim-thick dense, thin film 
was formed. The thin film thus obtained was examined by X-ray diffractometry. As a result, a diffraction pattern charac- 
teristic of a pyrochlore crystal was observed. Further, it was examined by reflection FT-IR (Fourier transform infrared 
absorption spectroscopy). As a result, no absorption peak, around 2900 cm" 1 , attributable to a methylene group was 

55 observed. 

A series of procedures consisting of the step of further spin-coating the sol, prepared above, on the thin film and 
the step of pre-sintering the coating at 400°C were repeated thrice to form a 0.9 urn-thick laminate of amorphous, 
porous, thin films of gel. Thereafter, preannealing was carried out in an RTA oven by holding the laminate at 650°C for 
one min, thereby forming a 1.2 nm-thick, crystalline, dense, thin film. 
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- Thesubstratevrththet^ 

thl " aL, .minum electrode was formed on the piezoelectric thin f ilm, prepared above, by vapor deposition followed by 
SrS S found lo be excellent. Specifically, the piezoe.ectric thin-film device had a specfic permftvty of 2000 and a 

film ^ determined bv ICP (plasma atomic emission spectrometry) and found to be 1.00 . 0.05^ 0.10 • ■ 
w^r4"mt as thTmolar ratio in the starting materials except for .ead of which the proportion >n the PZT thin 

20 "^^^^^ 

^ ^'Inkcould be projected through the ink jet recording head with satisfactory P*^^*^^* 
recor^rlg head was incorporated into an ink jet recording apparatus following by pnnbng. As a resuft. the qualrty of 



prints was good. 
Fvamnles B2 



AcoaSnglK.uid.^p.wedin.hesa™^ 

lamination was observed in the cross section. 
Example B3 

A coatina liauid was prepared in the same manner as in Example B1 . except that the molar ratio of magnesium was 

. -i iccntnw -in i mrior an nwaen atmosDhere in a drffusion oven, i nus, a u.o (im u»u\, u y» 

45). The thin film was annealed by holding it at 950'C for one m,n under an ^J^^T^Z^^ 
a 12 nm-thick piezoelectric thin film was prepared. An aluminum electrode was formed on the p.ezoelectnc thin film by 

lamination was observed in the cross section. 
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lamination was observed in the cross section. 



Example C1 



Lead acetate (0 105 mol). 0.045 mol of zirconium acetylacetonate, and 0.005 mol of ma 9 nesiu ^ a ^.^ 

examined by reflection FT-IR (Fourier transform infrared absorption spectroscopy), as a resuu, nu h 
around 2900 cm" 1 . attributable to a methylene .group on ^ and 

Aseries of procedures . of laminate of amorphous. 

. Itliti£#m^ 

could be obtained. 
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*; Examples C2 

A coating liquid was prepared in the same manner as in Example C1 , except that the molar ratio of magnesium was 
*. 0.067. the molar ratio ol niobium was 0.133. the molar ratio of zirconium was 0.45, the molar ratio of titanium was 0.35. 

5 and polyethylene glycol #300 (average molecular weight 285 to 31 5, a reagent manufactured by Kanto Chemical Co.. 
Inc.) was added in an amount of 30% by weight based on the metal oxide in the sol. The sol was coated on a substrate 
electrode, and the coating was calcined at 400°C to form a 0.3 nm-thick amorphous porous thin film'of gel. A series of 
procedures consisting of the step of further coating the sol and the step of pre-sintering the coating at 400°C were 
repeated twice to form a 0.9 nm-thick porous thin film of gel. Under an oxygen atmosphere in an RTA oven, the thin film 

w was then rapidly heated to 600 8 C. held at that temperature for 5 min, heated to 725°C. and held at that temperature for 
one min, thereby carrying out pre-annealing. Thus, a 0.6 nm-thick, crystalline, dense, thin film was prepared. The above 
procedure was repeated ten times (i.e., total number of coatings of sol: 30). Under an oxygen atmosphere in an RTA 
oven, the thin film was held at 550°C for 5 min and then held at 900°C for one min, thereby carrying out annealing. Thus, 
a 6 jim-thick piezoelectric thin film was prepared. An aluminum electrode was formed on the piezoelectric thin film by 

15 vapor deposition followed by polarization to prepare a piezoelectric thin-film device. 

The average crystal grain diameter of the piezoelectric thin film was 0.03 jim, and the piezoelectric thin-film device 
had a piezoelectric strain constant of 165 pC/N. No crack was created in the thin film. Further, no interface attributable 
to the lamination was observed in the cross section. 

20 Example C3 

A coating liquid was prepared in the same manner as in Example C1 , except that the molar ratio of magnesium was 
0.033. the molar ratio of niobium was 0.067, the molar ratio of zirconium was 0.5, the molar ratio of titanium was 0.4, 
and polyethylene glycol #400 (average molecular weight 380 to 420, a reagent manufactured by Kanto Chemical Co., 

25 Inc.) was added in an amount of 20% by weight based on the metal oxide in the sol. A series of procedures consisting 
of the step of coating the sols on a substrate electrode and pre-sintering the coatings at 400°C are repeated thrice to 
form a 0.9 nm-thick amorphous porous thin film of gel. Under an oxygen atmosphere in a diffusion oven, the thin film 
was heated at 500°C, held at that temperature for 5 min, heated to 650°C, and held at that temperature for 10 min, 
thereby carrying out pre-annealing. Thus, a 0.6 nm-thick. crystalline, dense, thin film was prepared. The above proce- 

30 dure was repeated 1 5 times (i.e., total number of coatings of sol: 45). Under an oxygen atmosphere in an RTA oven, the 
thin film was held at 700°C for 5 min and then held at 950°C for one min, thereby carrying out annealing. Thus, a 12 
nm-thick piezoelectric thin film was prepared. An aluminum electrode was formed on the piezoelectric thin film by vapor 
deposition followed by polarization to prepare a piezoelectric thin-film device. 

The average crystal grain diameter of the piezoelectric thin film was 0.08 \xm, and the piezoelectric thin-film device 

35 had a piezoelectric strain constant of 1 70 pC/N. No crack was created in the thin film. Further, no interface attributable 
to the lamination was observed in the cross section. 

Example D1 

40 Lead acetate (0.1 1 0 mol; 1 0% by mol to excess), 0.045 mol of zirconium acetylacetonate. and 0.005 mol of mag- 
nesium acetate were heated to 100°C and dissolved in 30 ml of acetic acid. The solution was cooled to room tempera- 
ture, and a solution of 0.040 mol of titanium tetraisopropoxide and 0.010 mol of pentaethoxyniobium dissolved in 50 ml 
of ethyl cellosolve was added thereto. Acetyl acetone (30 ml) was added to stabilize the system, 30% by weight, based 
on the metal oxide in the sol, of polyethylene glycol #400 (average molecular weight 380 to 420, a reagent manufac- 

45 tured by Kanto Chemical Co. , Inc.) was added thereto, and the mixture was thoroughly stirred to prepare a homogene- 
ous sol. 

A platinum electrode was formed on a silicon substrate by sputtering, the sol prepared above was spin-coated on 
the platinum electrode, and the resultant coating was calcined at 400°C. As a result, a 0.3 |Am-thick amorphous porous 
thin film of gel could be formed without cracking. Thereafter, a series of procedures consisting of the step of further 

so coating the sol and the step of pre-sintering the coating at 400°C were repeated twice to form a 0.9 (im-thick laminate 
of porous thin films of gel. The laminate was heated to 650°C over a period of 5 sec in an oxygen atmosphere in an RTA 
oven and held at that temperature for one min, thereby carrying out pre-annealing. Thus, a 0.6 ixm-thick dense, thin film 
was formed. The thin film thus obtained was examined by X-ray diffractometry. As a result, a diffraction pattern charac- 
teristic of a pyrochlore crystal was observed. Further, it was examined by reflection FT-IR (Fourier transform infrared 

55 absorption spectroscopy). As a result, no absorption peak, around 2900 cm" 1 , attributable to a methylene group was 
observed. 

A series of procedures consisting of the step of further spin-coating the sol, prepared above, on the thin film and 
the step of pre-sintering the coating at 400°C were repeated thrice to form a 0.9 nm-thick laminate of amorphous. 
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porous, thin films of gel. Thereafter, pre-annealing was carried out in an RTA oven by holding the laminate at 650°C for 
one min, thereby forming a 1 .2 urn-thick, crystalline, dense, thin film. 

. The substrate with the thin film formed thereon was patterned using a photoresist and etched with f luorcboric acid. 
The resist was peeled off, and annealing was earned out in an RTA oven by holding the substrate with the thin film 
formed thereon in an oxygen atmosphere in an RTA oven at 900°C for one min. Thus, a piezoelectric thin film of which 
the thickness was 1.2 urn, that is, remained unchanged was obtained. The piezoelectric thin film was examined by X- 
ray diffractometry. As a result, sharp and strong peaks attributable to a perovskte crystal were observed. Further, the 
silicon substrate with the thin film formed thereon was cut, and the cross section of the thin film was observed under 
SEM (a scanning electron micrograph). As a result, it was found that crystal grains were distributed uniformly and 
densely and no interface attributable to the lamination was present. Further, a thin film sample was prepared, and the 
piezoelectric material was observed under TEM (a transmission electron microscope). As a result, it was found that the 
thin film was formed of crystal grains having an average grain diameter of 0.06 um Further, no crack was created in the 

An"aluminum electrode was formed on the piezoelectric thin film, prepared above, by vapor deposition followed by 
polarization to prepare a piezoelectric thin-film device. The properties of the piezoelectric thin-film device were meas- 
ured and found be to excellent. That is. the piezoelectric thin-film device had a specific permittivity of 2300 and a piezo- 
electric strain constant of 170 pC/N. . 

The PZT thin film was dissolved in hydrofluoric acid, and the molar ratio of Pb to Mg to Nb to Zr to Ti in the PZT thm 
film was determined by ICP (plasma atomic emission spectrometry) and found to be 1.04 : 0.05 : 0.10 : 0.45 : 0.40 
which was the same as the molar ratio in the starting materials except for lead of which the proportion in the PZT thin 
film was slightly smaller than that in the starting materials. 

An ink jet recording head using the piezoelectric thin-film device prepared above was prepared in the same manner 
as in Example A1. An ink could be projected through the ink jet recording head with satisfactory projecting force. Fur- 
ther, the ink jet recording head was incorporated into an Inkjet recording apparatus following by printing. As a result, 
the quality of prints was good. 



A coating liquid was prepared in the same manner as in Example D1, except that the amount of the lead compo- 
nent was 15% by mol to excess, the molar ratio of magnesium was 0.067, the molar ratio of niobium was 0.133, the 
molar ratio of zirconium was 0.45, the molar ratio of titanium was 0.35, and polyethylene glycol #300 (average molecular 
weight 285 to 315, a reagent manufactured by Kanto Chemical Co., Inc.) was added in an amount of 30% by weight 
based on the metal oxide in the sol. The sol was coated on a substrate electrode, and the coating was calcined at 400°C 
to form a 0 3 nm-thick amorphous porous thin film of gel. A series of procedures consisting of the step of further coating 
the sol and the step of pre-sintering the coating at 400«C were repeated twice to form a 0.9 um-thick porous thin f !lm of 
gel Under an oxygen atmosphere in an RTA oven, the thin f ilm was then rapidly heated to 650°C and held at that tem- 
perature for one min, thereby carrying out pre-annealing. Thus, a 0.6 um-thick, crystalline, dense, thin film was pre- 
pared The above procedure was repeated ten times (i.e., total number of coatings of sol: 30). Thus, a 6 jim-thick 
piezoelectric thin film was obtained. Under an oxygen atmosphere in an RTA oven, the thin film was held at 850°C for 
one min to carry out annealing. An aluminum electrode was formed on the piezoelectric thin film by vapor deposition 
followed by polarization to prepare a piezoelectric thin-film device. 

The average crystal grain diameter of the piezoelectric thin-film device was 0.05 um, and the piezoelectric thin film 
had a specific permittivity of 2400 and a piezoelectric strain constant of 1 75 pC/N. No crack was created in the thin film. 
Further, no interface attributable to the lamination was observed in the cross section. 

Example D3 

A coating liquid was prepared in the same manner as in Example D1, except that the amount of the lead compo- 
nent was 20% by mol to excess, the molar ratio of magnesium was 0.033, the molar ratio of niobium was 0.067, the 
molar ratio of zirconium was 0.5, the molar ratio of titanium was 0.4. and polyethylene glycol #400 (average molecular 
weight 380 to 420, a reagent manufactured by Kanto Chemical Co., Inc.) was added in an amount of 20% by weight 
based on the metal oxide in the sol. A series of procedures consisting of the step of coating the sol on a substrate elec- 
trode and pre-sintering the coating at 400°C were repeated thrice to form a 0.9 um-thick amorphous porous thin film of 
gel The thin film was pre-annealed at 550°C for 10 min. Thus, a 0.6 um-thick, crystalline, dense, thin film was prepared. 
; The above procedure was repeated 15 times (i.e.. total number of coatings of sol: 45). Thus, a 12 um-thick piezoelectric 
thin film was obtained. Under an oxygen atmosphere in an RTA oven, the thin film was held at 950°C for one mm to carry 
out annealing. An aluminum electrode was formed on the piezoelectric thin film by vapor deposition followed by polan- 
zation to prepare a piezoelectric thin-film device. 
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The average crystal grain diameter of the piezoelectric thin film was 0.08 nm. and the piezoelectric thin film had a 
' specific permittivity of 2300 and a piezoelectric strain constant of 185 pC/N. No crack was created in the thin film. Fur- 
ther, no interface attributable to the lamination was observed in the cross section. 




Bismuth acetate (0.002 mot), 0.103 mol of lead acetate, 0.045 mol of zirconium acetylacetonate, and 0.005 mol of 
magnesium acetate were heated to 100°C and dissolved in 30 ml of acetic acid. The solution was cooled to room tem- 
perature, and a solution of 0.040 mol of titanium tetraisopropoxide and 0.010 mol of pentaethoxyniobium dissolved in 
w 50 ml of ethyl cellosolve was added thereto. Acetyl acetone (30 ml) was added to stabilize the system. 30% by weight, 
based on the metal oxide in the sot, of polyethylene glycol was added thereto, and the mixture was thoroughly stirred 
to prepare a homogeneous sol. 

A platinum electrode was formed on a silicon substrate by sputtering, the sol prepared above was spin-coated on 
the platinum electrode, and the resultant coating was calcined at 400°C. As a result, a 0.3 nm-thick amorphous porous 
is thin film of gel could be formed without cracking. Thereafter, a series of procedures consisting of the step of further 
coating the sol and the step of pre-sintering the coating at 400 o C were repeated twice to form a 0.9 fim-thick laminate 
of porous thin films of gel. The laminate was heated to 650°C over a period of 5 sec in an oxygen atmosphere in an RTA 
oven and held at that temperature for one min. thereby carrying out pre-annealing. Thus, a 0.6 jim-thick dense, thin film 
was formed. The thin film thus obtained was examined by X-ray d'rffractometry. As a result, a diffraction pattern charac- 
20 teristic of a pyrochlore crystal was observed. Further, it was examined by reflection FT-IR. As a result, no absorption 
peak around 3400 cm- 1 , attributable to a hydroxyl group was observed. 

A series of procedures consisting of the step of further spin-coating the sol, prepared above, on the thin film and 
the step of pre-sintering the coating at 400°C were repeated thrice to form a 0.9 nm-thick laminate of amorphous, 
porous, thin films of gel. Thereafter, preannealing was carried out in an RTA oven by holding the laminate at 650°C for 
ss one min, thereby forming a 1 .2 jim-thick. crystalline, dense, thin film. 

The substrate with the thin film formed thereon was patterned using a photoresist and etched with f luoroboric acid. 
The resist was peeled off, and annealing was carried out in an RTA oven by holding the substrate with the thin film 
formed thereon under an oxygen atmosphere in an RTA oven at 900°C for one min. Thus, a piezoelectric thin film of 
which the thickness was 1 .2 urn, that is, remained unchanged was obtained. The piezoelectric thin film was examined 
30 by X-ray diffractometry. As a result, sharp and strong peaks attributable to a perovskite crystal were observed. Further, 
the silicon substrate with the thin film formed thereon was cut, and the cross section of the thin film was observed under 
SEM (a scanning electron micrograph). As a result, it was found that crystal grains were distributed uniformly and 
densely and no interface attributable to the lamination was present. Further, a thin film sample was prepared, and the 
piezoelectric material was observed under TEM (a transmission electron microscope). As a result, it was found that the 
35 thin film was formed of crystal grains having an average grain diameter of 0.03 |im. The PZT thin film was dissolved in 
hydrofluoric acid, and the molar ratio of Pb to Bi to Mg to Mb to Zr to Ti in the PZT thin film was determined by ICP 
(plasma atomic emission spectrometry) and found to be 0.98 : 0.02 : 0.05 : 0.10 : 0.45 : 0.40 which was the same as 
the molar ratio in the starting materials except for lead of which the proportion in the PZT thin film was slightly smaller 
than that in the starting materials. 
40 The above composition of the PZT thin film (piezoelectric thin film) prepared in the present example can be rewrit- 
ten as (Pb + Bi) to Mg to Nb to Zr to Ti = 1 .00 : 0.05 : 0.10 : 0.45 : 0.40 which was identical to the composition in Example 
A1 . Specifically, the composition of the piezoelectric thin film prepared in Example E1 was such that 2% of Pb in Exam- 
ple A1 was replaced with Bi. An aluminum electrode was formed on the piezoelectric thin film, prepared above, by vapor 
deposition followed by polarization to prepare a piezoelectric thin-film device. The properties of the piezoelectric thin- 
45 film device were measured. As a resutt, the specific permittivity was 1000, and the piezoelectric strain constant was 120 
pC/N. 

Comparison of the properties of the piezoelectric thin film prepared in the present example with those of the piezo- 
electric thin film prepared in Example A1 reveals that the piezoelectric thin film prepared in the present example is 50% 
lower for the specific permittivity and 20% lower than that prepared in Example A1 . The piezoelectric thin film prepared 

so in the present example is very advantageous from the viewpoint of heat generation in an ink jet recording head wherein 
the area occupied by the piezoelectric thin-film device has been increased. 

An ink jet recording head was prepared using the piezoelectric thin-film device thus obtained. The size of the pie- 
zoelectric thin film and the size of the ink passage were identical to those in Example A1. The applied voltage was 
increased by 20% in order to compensate for shortage of the piezoelectric strain property of the piezoelectric thin film. 

55 This results in a 75% reduction in the amount of heat generated in the piezoelectric thin film at the time of driving without 
sacrificing the property on the direction of an ink projected. Further, the volume of the ink passage was increased in 
order to increase the amount of the ink droplets projected. Specifically, the width of the ink passage was changed from 
0.3 mm to 0.4 mm, and the width of the piezoelectric thin film was changed from 0.2 mm to 0.3 mm. This increased the 
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area of the piezoelectric thin film, that is. capacitor, by 50%. Since, however, the specific permittivity was small, the 
capacity of the capacitor was reduced by 25%. enabling a reduction in heat generation. 

Example E2 

A piezoelectric thinfilm was formed in the same manner as in E«^E 1 -^ M0 -^^tlr!!Z^ 
tate 0 S mol of lead acetate. 0.045 mol of zirconium acetylacetonate. 0.005 mol of magnesium acetate. 0.040 mol of 
titanium tetraisopropoxide. and 0.010 mol of pentaethoxyniobium were used as ™ <*^Jf^* to Zr to Ti of 

The resultant piezoelectric thin film had a composition having a molar ratio of Pb to La to Mg to Nb to Z to Ti erf 
0 95 0 05 : 0.05 0.1 0 : 0.45 : 0.40 which can rewritten as (Pb + La) to Mg to Nb to Zr to Ti oM*0: 0*5 .M0 .MB 
0 40 That is. the composition of the piezoelectric thin film prepared in the present example was such that 5% of Pb un 
ExarnpteA^ 

SoT As a result, the specific permittivity was 2500, and the piezoelectric strain constant was 140 pC/N. The Young s 
mcSus X ofTe piezoelectric W. film was 5 x 1 0™ Pa. demonstrating that the piezoelectric thin film was softer than 
the piezoelectric thin film, prepared in Example A1 . having a Young s modulus Y of 6 x 1 0 Pa. 

Fv a mpl e E3toE15 

Piezoelectricthinfilmsfo^ 

, vPhZrO zPbT.0, wherein x y and z represent the molar ratio, provided that x + y + z = 1 . and wherein part of Pb. Zr 

Sr (J o^were as tabulated in Table 4. Regarding raw materials for the sol, diethoxvstront.um was used for Sr. and 
; calcium acetate and barium acetate were used respectively for Ca and Ba. 

The Secific permittivity and the Young's modulus of the piezoelectric thin films wherein Zr and Ti had been 

used for Sb. and iron acetate, aluminum acetate, and chromium acetate were used respectively for Fe Al and I Cr. 
Thespecific permittivity and the Young's modulus of the piezoelectric thin films ^ e ' n M 9^ d bee " r ^ff J? 
o Co Zn Z or Mwere as tabulated in Table 6. Regarding raw materials for the sol. cobalt acetate, zinc acetate, man- 
aa/iese acetate, and nickel acetate were used respectively for Co. Zn, Mn, and Ni. ran , srort wm 

The soecif ic oermittivity and the Young's modulus of the piezoelectric thin films wherein Nb had been replaced with 
Ta o^Sb w'eTe fasSSn Table 7. Regarding raw materials for the sol, triethoxyantimony and pentamethoxytanta- 
lum were used. 





Replacement 
element 


Replacement 
ratio 


Average crystal 
grain diameter (urn) 


Specific 
permrttvity 


Young's 
modulus (Pa) 


Ex.E3 


Sr 


Not more than 0.2 


0.1 


Not less than 2200 


7 -9E10 


Ex.E4 


Ca 


Not more than 0.2 


0.06 


Not less than 2500 


7 -9E10 


Ex.E5 


Ba 


Not more than 0.2 


0.07 


Not less than 2600 


7-9E10 



Table 5 





Replacement 
element 


Replacement 
ratio 


Average crystal 
grain diameter (nm) 


Specific 
permrttvity 


Young's 
modulus (Pa) 


Ex.E6 


Sb 


Not more than 0.1 


0.05 


Not more than 2000 


-6E10 


Ex.E7 


Fe 


Not more than 0.1 


0.06 


Not less than 2000 


7-9E10 


Ex.E8 


Al 


Not more than 0.1 


0.09 


Not less than 1000 


6 -9E10 


Ex.E9 


Cr 


Not more than 0.1 


0.08 


Not less than 1000 


7 -9E10 
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Table 6 





Replacement 
element 


Replacement 
ratio 


Average crystal 
grain diameter (jim) 


Specific 
permittvity 


Young's 
modulus (Pa) 


Ex. E10 


Co 


0-1 


0.05 


Not more than 2000 


-6E10 


Ex. E11 


Zn 


0-1 


0.05 


Not more than 2000 


6 -9E10 


Ex. E12 


Mn 


0-1 


0.03 


Not more than 2000 


7-9E10 


Ex. E13 


Ni 


0-1 


0.03 


Not more than 2000 


7-9E10 



75 



Table 7 





Replacement 
element 


Replacement 
ratio 


Average crystal 
grain diameter (jim) 


Specific 
permittvity 


Young's 
modulus (Pa) 


Ex. E14 


Ta 


0-1 


0.05 


Not more than 2000 


6 -9E10 


Ex. E15 


Sb 


0-1 


0.03 


Not more than 2000 


6-9E10 



Claims 

30 1 . A piezoelectric thin film having a thickness in the range of from 0.5 to 20 urn, the thin film comprising crystal grains 
having an average grain diameter of 0.005 to 0.2 |im and free from any multilayer structure in its cross section. 

2. The piezoelectric thin film which comprises a piezoelectric material of a three-component system represented by 
the formula xPb (Mg 1/3 Nb2/3)03-yPbZr0 3 -zPbTi0 3 , wherein x, y, and z represent molar ratios provided that 

35 x + y + z = 1 . and x, y, and z indicate a point falling within the area defined by lines connecting the following four 
points A, B. C, and D in a composition diagram of the three-component system represented by said formula: 

A (x=0.05. y=0.40, z=0.55), 

40 B (x=0.05, y=0.60. z=0.35), 

C (x=0.25, y=0.30, z=0.45). 

and 

45 

D (x=0.25, y=0.50, z=0.25). 

3. The piezoelectric thin film which comprises a piezoelectric material of a three-component system represented by 
the formula Pb(1-a)rat(Mg 1/3 Nb2^)xZryTiz]0 3 . wherein x, y, and z represent molar ratios provided that 

so x + y + z = 1 , and x, y, and z indicate a point falling within the area defined by lines connecting the following four 

points A, B, C, and D in a composition diagram of the three-component system represented by said formula: 

A (x=0.05, y=0.40, z=0.55), 

55 B (x=0.05. y=0.60. z=0.35). 

C (x=0.25, y=0.30, z=0.45), 

and 
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D (x=0.25, y=0.50, 2=0.25); 

- r represents an element selected from Sr, Ca, Ba, Bi, and La; and a is 0 < a § 0.2. 

5 4. The piezoelectric thin film according to claims 2 or 3, which has a composition wherein 

Mg in the formula has been replaced either partially or entirely by an element selected from Co. Zn, Mn. and 
Ni and/or 

Nb in the formula has been replaced partially by Ta or Sb and/or 
10 Zr or Ti has been replaced partially by an element selected from Sb, Fe, Al, and Cr. 

5. A piezoelectric thin film according to any one of claims 2 to 4. further comprising Pb or Pb compound thereby the 
mole ratio of Pb to (Mg+Nb+Zr+Ti) is 1 to 1 .2. 

is 6. A piezoelectric thin-film device comprising a piezoelectric thin film according to any one of claims 1 to 5 sandwiched 
between two electrode layers. 

7. A method for producing a piezoelectric thin film according to any one of claims 1 to 5 by a sol-gel process, compris- 
ing the steps of: 

20 

a) coating a substrate with a sol composition comprising a sol, of a metal component for constituting a piezo- 
electric film, and a polymer compound and then drying the coating to form a film, 

b) pre-sintering the film to form a porous thin film of gel comprising an amorphous metal oxide; 

c) pre-annealing the porous thin film of gel to bring the film to a film formed of a crystalline metal oxide; 

25 d) repeating the steps a), b), and c) at leapt once to form a laminated film formed of a crystalline metal oxide; 

and 

e) annealing the film prepared in the step d) to grow crystal grains of perovskite type in the film into a larger 
size. 

30 8. A method for producing a piezoelectric thin film according to any one of claims 1 to 5 by a sol-gel process, compris- 
ing the steps of: 

a) coating a substrate with a sol composition comprising a sol, of a metal component for constituting a piezo- 
electric film, and a polymer compound and then drying the coating to form a film; 
35 b) pre-sintering the film to form a porous thin film of gel comprising an amorphous metal oxide; 

0 repeating the steps a) and b) at least once to form a laminate of porous thin films comprising an amorphous 
metal oxide; 

c*) pre-annealing the laminate of thin film to convert the laminate to a film formed of a crystalline metal oxide; 
d^ repeating the steps f) and c") at least once to form a laminated film formed of a crystalline metal oxide; and 
40 e") annealing the film prepared in the step d") to grow crystal grains of perovskite type in the film into a larger 

size. 

9. The process for producing a piezoelectric thin film according to claim 7 or 8, wherein the amount of the lead com- 
ponent used is excessive so that the mole ratio of Pb to (Mg+Nb+Zr+Ti) is 1 to 1 .2. 

45 

1 0. The method for producing a piezoelectric thin film according to any one of claims 7 to 9, wherein the preannealing 
in the step c) or c') is carried out at a temperature in the range of from 400 to 800°C. 

1 1 . The method for producing a piezoelectric thin film according to any one of claims 7 to 9, wherein the annealing in 
so the step e) or e') is carried out at a temperature in the range of from 600 to 1 200°C. 

12. The method for producing a piezoelectric thin film according to any one of claims 7 to 9, wherein the annealing in 
the step e) or e') is carried out at a temperature in the range of from 800 to 1 000°C. 

55 1 3. The method for producing a piezoelectric thin film according to any one of claims 7 to 9, wherein the preannealing 
in the step c) or c") is carried out in two stages, the first stage of which is carried out at a temperature in the range 
of from 400 to 600°C with the second stage being carried out at a temperature in the range of from 600 to 800*0. 
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to 1 Jim. 

form prior to the step e) ore'). 

pound added to the sol composition is polyethylene glycol. 
' pound added to the sol composition is polypropylene glycol. 

lim and free Irom an, multilayer structure in its cross section, 
ao. An »-*Q tread conning, as a tMr. a prazoelaadc .htn trim acceding to any one o, cairns , to S 



and 19. 
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